Abstract: Spin-wave (SW) modes are addressed which are confined in thin individual Ni 80 Fe 20 nanowires with widths ranging from 220 to 360 nm. In periodic arrays with an edge-to-edge separation of down to 100 nm, confined modes of neighboring nanowires are found to couple coherently and form allowed minibands and forbidden frequency gaps. This gives rise to a one-dimensional magnonic crystal. We present all-electrical SW spectroscopy data and micromagnetic simulations. We find that the nanowire arrays allow us to reprogram the relevant magnonic band structure via the magnetic history. A forbidden frequency gap of up to about 1 GHz is controlled by an in-plane magnetic field being as small as a few mT.
INTRODUCTION
Collective spin excitations in ferromagnets have regained great interest. Recent observations such as spin-wave (SW) quantization [1] (cf. Figs. 1a-d), localization [2] , and interference [3] have stimulated the field of magnonics where SWs (magnons) are explored in order to carry and process information [4] . Here, novel devices and applications are discussed such as magnonic crystals, i.e., the magnetic counterpart of photonic crystals and SW buses in integrated circuits [5, 6] . The dynamic response of individual nanomagnets was controlled in that different magnetic configurations were realized via the magnetic history [7] . It was then shown that confined modes in separate nanomagnets (Figs. 1c,d ) couple if the edge-to-edge separation is on the deep-submicron scale. Starting from quantized SW modes in individual nanomagnets, dynamic stray-field interaction then leads to allowed minibands (Figs. 1e,f) [8] . Periodically patterned ferromagnets are thus found to form magnonic crystals [6, 9, 10] . The minibands allow one to transmit an SW across the chain of nanomagnets, which are separated from each other via an air gap. Here we discuss how such minibands depend on the geometry and magnetic state of the nanomagnets [11] . Varying the width of neighboring wires alters characteristically the field dependence of SW eigenfrequencies and the band structure. Parallel or antiparallel alignment of the neighboring wires' magnetization M is shown to change the allowed minibands and forbidden frequency gaps. Periodically patterned magnetic devices thus open intriguing perspectives for the manipulation of SWs at the nanoscale and the realization of reprogrammable magnetic metamaterials [12] . The quantization is due to confinement by the geometrical edges. From bottom to top, the number n of nodal lines along the wire increases. The eigenfrequencies have been calculated following ref. [14] . (e) Relevant parameters for an array of collinear wires. (f) Dispersion relations of a nanowire array for a wavevector in transverse direction as sketched in (e). Due to dipolar interaction allowed minibands form. We assume here permalloy with a thickness of 20 nm, w = 300 nm, and a = 400 nm following the theory of ref. [15] . The dynamic interaction and the resulting miniband bandwidth decrease with increasing number n of nodal lines. Note that the dispersions shown in (b), (d), and (f) depend on the effective field inside the ferromagnet and are shifted to higher frequencies with increasing field.
Integrated coplanar wave guides
Coplanar waveguides (CPWs) were used to guide microwave magnetic fields to the ferromagnets (Fig. 2a) . The CPWs consisted of ground(G)-signal(S)-ground(G) lines. These were prepared on top of the nanowire arrays using lift-off processing of a 150-nm-thick trilayer of Cr, Ag, and Au. SiO 2 layers of 10-50 nm thickness were used as insulating intermediate layers. The CPWs' central conductors had a width w CPW = 10 μm (Fig. 2) or smaller. We used both CPWs with and without optimization with respect to an impedance of Z 0 = 50 Ohm.
Broadband SW spectroscopy
The detection of SW excitations was accomplished by broadband microwave absorption measurements. For all-electrical SW spectroscopy, we used a vector network analyzer (VNA) to measure the microwave transmission T through the CPW as a function of the microwave frequency f [17, 18] . CPW and VNA were connected through coaxial cables and microwave probes. In Fig. 2 , we show a sample where the CPW has been positioned in parallel with the nanowires. Here, both the in-plane and out-ofplane components of the CPW's radio frequency (rf) field h rf were orthogonal with respect to the magnetization M when M was collinear with the easy axis, i.e., the long axis. This means we optimized the torque M × h rf to induce spin precession through the microwave field. This yielded a large signal-tonoise ratio (SNR). Further samples were prepared where the wires where orthogonal to the CPW. In this case, the signal was considerably weaker at H = 0. For SW spectroscopy in the linear regime a microwave with a small amplitude of μ 0 h rf = 0.1 mT was chosen to avoid unintentional nonlinear effects [19, 20] . When the frequency of a microwave current generated by the VNA matched the resonance frequency f of an SW, a drop in the CPW's transmission occurred due to the resonant absorption of power by the precessing magnetization. We recorded spectra T(f) at different in-plane magnetic fields H using a microwave probe station incorporating two crossed field-coil pairs [21] . Each spectrum was normalized by a reference spectrum, e.g., recorded at μ 0 H = 90 mT applied along the nanowire's easy axis. At such a high field, SW resonances were at frequencies well above 10 GHz and therefore outside the region of interest. The resulting spectrum ΔT(f) reflected the dynamic magnetic susceptibility χ(f) of the nanowires and, in particular, resonances due to SW excitation.
Micromagnetic simulations
We use the OOMMF micromagnetic code and apply the one-dimensional periodic-boundary-condition extension [22, 23] to model arrays of densely packed magnetic nanowire, which we assume to be infinitively long (Fig. 3) . The simulated segment has a volume of 300 × 100 × 19.5 nm³. The OOMMF discretization uses a cell of 5 × 25 × 6.5 nm³. The material parameters are μ 0 M sat = 1.08 T (saturation magnetization), A = 13 × 10 −12 J/m (exchange constant), and γ = 176 GHz/T (gyromagnetic ratio).
Due to the infinite length of the nanowires, demagnetization effects in y direction are not relevant. This allows us to choose the simulation cell as a cuboid. In the thin and narrow wires considered here, the remanent magnetization aligns itself with the long axis, being the easy axis due to the large aspect ratio. Starting from quasistatic configurations, we perform dynamic simulations to numerically calculate the eigenmode spectrum. For this, a field pulse h rf of amplitude 1 mT and temporal full-width-halfmaximum value of 6 ps is applied. We vary the orientation of h rf to consider different excitation symmetries. We observe changes in the total oscillator strength of modes that will be discussed later, but not in the mode profiles.
To remodel the long-wavelength limit h rf is homogeneous. The spatially resolved discrete Fourier transform of the dynamical component m' z (x,y) is then analyzed. We average the data and thereby obtain the resonance frequencies of eigenmodes. Simulations on non-interacting nanowires with a relatively large edge-to-edge separation are simulated using the MicroMagus code [24] .
SPIN WAVES IN INTERACTING AND NON-INTERACTING NANOWIRES

Spectroscopy and magnetic anisotropy explored in a perpendicular field
We have measured the SW resonance of wires with different w and large edge-to-edge separation, i.e., the separation was beyond 500 nm to minimize dipolar coupling. This was done to explore the magnetic anisotropy (shape anisotropy) of non-interacting wires induced by the nanopatterning. In Fig. 4 , eigenfrequencies are shown for three different widths w (arrays #1, #2, and #3). Here we consider the most pronounced mode of largest intensity (n = 0) and apply the in-plane field in a direction perpendi- Sketch of the array of interacting nanowires which we simulate. We consider the small segment as highlighted in dark gray and apply periodic boundary conditions along the wires' long axes. For the mode analysis we evaluate the dynamic magnetization of the central pair of wires labeled "0". We indicate the magnetization M with a bold arrow. Here the wire array is assumed to be in the AFO state where neighboring wires are of opposite magnetization direction. N is the number of wire pairs considered in the simulation. In this work a number larger than N = 9 does not change the dynamics inside the central pair "0". cular to the long axis, i.e., in x-axis direction. The eigenfrequency at H = 0 is found to depend characteristically on w. It decreases with increasing width. For increasing field H, the eigenfrequencies of all wires first drop and then rise again. This reflects the well-known hard-axis behavior of an anisotropic micromagnet [25] . The frequency minimum is attributed to an anisotropy field. This field stabilizes the magnetization M along the long axis, i.e., the easy axis. Such wires have two stable remanent configurations at H = 0 in that M points either in +y or -y direction depending on the magnetic history. As expected, the anisotropy field decreases with increasing w, i.e., decreasing aspect ratio l/w. In the limit of a plain film and magnetically isotropic Py the anisotropy field should be zero. The mode shown in Figs. 4a-c is the so-called center mode with n = 0, which exhibits the maximum spin-precession amplitude right in the center of the wire [26] . At the edges, the amplitude is reduced due to dipolar pinning. Simulations, which we will discuss later, show a value of about 20 % at the edge for H = 0 if compared to the central amplitude (compare also Fig. 2 in ref. [14] ). The field dependence of the center mode frequency is well remodeled by the micromagnetic simulations (Fig. 4d) . The black symbols exhibit the characteristic behavior observed in the experiments. The simulations show that further higher-order modes can be excited. However, the intensity is much weaker. In the experiments of Figs. 4a-c, the density of the non-interacting wires was small. At the same time, the CPW was perpendicular to the wires' long axes. This reduced the SNR to such a value that we observed the center mode only. Experiments on dense arrays of nanowires showed higher-order modes which resided at higher frequencies than the center mode with n = 0 [14, 27, 28] .
Arrays of bistable nanomagnets in a parallel field
In the following we discuss experiments in a magnetic field applied along the y direction. In Figs. 5a,b, spectra are shown for non-interacting 310-nm-wide wires taken in a major and minor loop measurement, respectively. The edge-to-edge separation amounts to 700 nm (array #4). Coming from large positive fields we observe around -15 mT the reversal of the wires' magnetization. Due to the switching field distribution the intensities at the two relevant eigenfrequencies change gradually between -13 and -18 mT in Fig. 5a . Below -18 mT the bistable nanowires are reversed to the opposite direction if compared to the initial state at large positive fields. In the minor loop (ML) measurement of Fig. 5b we start from -15 mT and increase the field H. There are two pronounced branches of almost the same intensity, which have a different slope as a function of H. They cross close to H = 0, giving rise to a maximum in intensity at f = 7 GHz. This behavior is attributed to an array of wires where about 50 % of the wires have been magnetized in -y direction at -15 mT and 50 % have remained magnetized in +y direction. For μ 0 H > 20 mT, all nanowires are aligned with the magnetic field pointing in +y direction, and a single branch with maximum intensity is found.
For 300-nm-wide nanowires with an edge-to-edge separation of only 100 nm (array #5), the major loop measurement shown in Fig. 5c provides similar data if compared to Fig. 5a . Here the reversal of wires occurs around -19 mT. The ML data of Fig. 5d where we have taken spectra starting at μ 0 H = -19 mT show, however, a novel behavior if compared to (b). Now the branch of lowest frequency is of almost maximum intensity for a wide field regime between -15 and +15 mT. In addition, this branch does not really cross with a higher-frequency branch of opposite slope. Instead, we find an avoided crossing behavior around H = 0. The anticrossing mode at higher frequency is of very weak intensity. We have recently shown that the avoided crossing behavior is characteristic for a magnonic crystal which is formed by dipolarly coupled nanowires and where neighboring wires are magnetized in opposite directions. This is the so-called antiferromagnetic order (AFO) state [11] . The relevant magnonic band structure will be discussed later. Before that it is instructive to consider micromagnetic simulations and spatial profiles of the precession amplitudes in neighboring wires. 
Simulated precession profiles of confined modes coherently coupled between nanowires
Nanowires of identical width In Fig. 6 we show simulation data obtained on 300-nm-wide wires exhibiting an edge-to-edge separation of 100 nm (array #5). We assume N = 9. A larger N does not alter the dynamics of the central wires substantially. In (a) and (b) we consider two different orientations of the rf magnetic field h rf . In (a) h rf is collinear with the x direction, i.e., the hard-axis direction. We show simulations for the AFO state. The comparison with Fig. 5d provides a very good agreement concerning the field dependence, avoided crossing behavior and relative intensities. A discrepancy remains with the absolute frequencies. This can be explained by a reduced dipolar interaction in the real array if compared with the ideal array in the simulations. This can be attributed to variations in the periodicity a and width w due to unintentional roughness [11] . If h rf is pointing along the z (out-of-plane) direction the relative intensities of the modes are changed. This reflects that some of the modes exhibit symmetric and some antisymmetric mode profiles as will be discussed below. Convincingly, the eigenfrequencies are the same in Figs. 6a,b. In (b) branches of relatively large intensity are found between 12 and 14 GHz originating from higher-order modes. These are found to be weak in (a) and, correspondingly, in the experimental data of Fig. 5d .
We now analyze the mode profiles of the central pair of nanowires as defined in Fig. 3 . We first present intensities as gray-scale plots in Figs. 6 and 7. Then relative phases will be discussed below. We consider two wires in the unit cell of the periodic lattice, which are magnetized in an antiparallel configuration, i.e., the AFO state. In Fig. 6c , h rf is assumed to be parallel to the hard axis. The low-frequency branch at H = 0 is an excitation where both wires exhibit precession profiles similar to a center mode. Here, the number n of nodal lines inside a single wire is zero. Changing μ 0 H to +10 and -10 mT, we observe that the spin precession in the two wires stay at a common frequency. It decreases slightly with both positive and negative H. The behavior of the lowest eigenfrequency n = 0 is thus peculiar. The center modes are coherently coupled in the wires of antiparallel magnetization M. This is different from non-interacting nanowires and reflects the interaction via dynamic dipolar coupling through rf stray fields [11] . Interestingly, the relative intensities change between the wires of the unit cell when H is at positive or negative values. This is consistent with an avoided crossing behavior. Modes with n > 0 residing at higher frequencies do not seem to couple coherently in the unit cell over a broad field regime. Between 12 and 14 GHz modes exist which exhibit two nodal lines (n = 2). At μ 0 |H| = 10 mT one finds a frequency difference of about 1 GHz between the n = 2 modes of the individual wires of the unit cell. Due to the involved precession profile the dynamic stray field between the wires is reduced if compared to n = 0. This leads to a smaller interaction and coupling strength.
Periodic array of alternating-width nanowires
The characteristic features discussed above, i.e., a common frequency of the low-frequency mode and shifting of relative intensities between modes of neighboring wires, are also found in an array where neighboring wires exhibit a different width. In Figs. 7a-d we depict a set of simulation results for wires with widths w 1 = 200 nm and w 2 = 400 nm (array #6). The edge-to-edge separation is 100 nm. Due to the different widths w 1 and w 2 the confinement effect is expected to be different. Studying the arrays #1, #2, and #3 we have shown that the eigenfrequency of confined modes in nanowires depend characteristically on the geometrical width (Fig. 4) . Based on this, we would expect the eigenfrequencies of wires with w 1 and w 2 to differ by at least 2 GHz at H = 0. This is not the case in Fig. 7 . Instead, the simulations in Figs. 7b,c,d show that the center modes with n = 0 precess at the same eigenfrequency of about 6 GHz. The common eigenfrequency shifts with H. For the array of alternating-width wires the center modes show the maximum precession amplitudes simultaneously in both wires of the unit cell when a field of -20 mT is applied. If H deviates from this field value the relative intensities vary in a way which is consistent with the avoided crossing. The center modes are thus coherently coupled over a broad field regime. Higher-order modes do not show such a broad coupling regime. Near μ 0 H = -40 mT, modes with n = 2 seem to precess coherently coupled. 
REPROGRAMMABLE MAGNONIC CRYSTALS FORMED BY INTERACTING NANOWIRES
Band structure considerations
In this section, we discuss the magnon dispersions f(k) for an array of identical wires for different remanent states. We revisit band structures which have been reported in ref. [11] and were found to depend on the magnetic history. The formalism provides information about the phase differences existing between the precessing spins in neighboring wires. In Figs. 8a ,b, we show dispersions for the ferromagnetic-order (FMO) and AFO state, respectively, calculated at H = 0 by the approach reported in ref. [15] . The calculated band structures are found to be different for the two states. In (b) the number of allowed minibands is doubled with respect to (a). This is because the unit cell of the periodic lattice is larger and consists of two nanowires being magnetized in opposite directions. For n = 0, one finds an acoustic and an optical branch in Fig. 8b . At the lowest frequency the components m' x of neighboring wires precess in phase at k = 0 (acoustic mode). The next higher-lying eigenfrequency belongs to the optical mode where the components m' x of neighboring wires precess out-of-phase at k = 0. The relative phase is consistent with the mode n = 0 of Fig. 8a when considered at the original boundary of the first Brillouin zone (BZ) (k = 78 × 10 3 cm -1 ). Figures 8a,b show that the nanowires of array #5 form a magnonic crystal where the band structure is reprogrammed via the magnetic history [11] . In the AFO state the relevant widths of the allowed minibands are below 1 GHz and only about half the value if compared to the FMO state.
Recently, Brillouin light scattering was used to investigate such features experimentally as a function of wavevector k in nanowire arrays of different geometrical parameters [29] . The data showed the reprogrammable band structures for arrays consisting of alternating-width nanowires. The avoided crossing behavior observed for the acoustic and optical magnon modes in Figs. 5d and 6a is a characteristic feature of a magnonic crystal and can be used to identify the underlying AFO state in a spatially averaging spectroscopy experiment. Microscopic details of the avoided crossings will be discussed in detail elsewhere [30] . nentially damped inside the magnonic crystal. For an applied field of 12 mT, the forbidden frequency gap is found to be about 1.3 GHz at the BZ boundary in Fig. 9 . At the same time, the widths of the allowed minibands decrease.
The different states FMO and AFO, which are generated by a different magnetic history, thus allow us to control the functionality of the magnonic crystal. This goes beyond photonic or plasmonic crystals. Since SWs in the GHz frequency regime have a wavelength λ which is orders of magnitude shorter than electromagnetic waves at the same frequency magnonic crystals offer microwave devices such as filters and logic gates operated on the nanoscale.
CONCLUSIONS
We have investigated SW resonances in narrow ferromagnetic nanowires from Ni 80 Fe 20 , both experimentally and theoretically. Arrays consisting of about 300-nm-wide nanowires show magnonic crystal behavior for an edge-to-edge separation of 100 nm. Using all-electrical broadband SW spectroscopy and micromagnetic simulations we have studied in detail the modes which are relevant for the formation of the allowed minibands. We have addressed both arrays of identical wires and alternating-width wires. Both form magnonic crystals where the SW band structure is in particular "reprogrammed" via the magnetic history. For the lowest-order mode the interaction-induced miniband is found to have a width of about 1 GHz or below depending on the magnetic ordering of the array. In case of identical nanowires an in-plane magnetic field of a few mT is found to create a forbidden frequency gap at the BZ boundary when neighboring wires are magnetized in an antiparallel configuration. Nanoscale microwave devices with field-controlled reflection and transmission might be envisioned.
